O
ne of the basic needs of any growing cell is the ability to remodel the lipid membranes that both surround the cell and make up its intracellular organelles. At any point in time, a multitude of tiny bubbles of membrane known as vesicles are busy acting as couriers, picking up and delivering lipids and proteins with exquisite specificity. Although there is still much to be learned about how the many distinct flavors of vesicle are generated, one of the central themes that has emerged is that vesicle formation requires an interplay between the membrane lipids themselves and the cytosolic proteins that coat and deform the membrane. Of particular interest is how these coat proteins and additional effector molecules cooperate in a temporal and spatial manner to initiate membrane curvature, sculpt a vesicle of defined size, and pinch off the new bud. On page 495 of this issue, Peter et al. (1) describe the structure of a conserved protein domain that seems ideally suited to the task of sensing, and perhaps even generating, the membrane-bending events required during vesicle formation.
The BAR domain-named for the BinAmphiphysin-Rvs proteins in which it was first identified-is found in proteins implicated in vesicle generation and membrane remodeling in mammals, Drosophila, and yeast (2) . The founder of the BAR protein family, amphiphysin I, is enriched at synaptic nerve terminals in the brain where it helps to coordinate vesicle budding from the plasma membrane, a process known as endocytosis. It does this through interactions with a variety of other molecules, including the clathrin coat proteins, the AP2 complex whose job is to populate the vesicle with cargo proteins, and the guanosine triphosphatase (GTPase) dynamin, which is recruited to the constricted "neck" of an almost-budded vesicle to drive fission from the donor membrane (3, 4) . Amphiphysin thus seems well placed to couple the recruitment of cargo and coat proteins to regions of membrane curvature. But how is membrane bending initiated, and how is progress during budding monitored?
If you were to design a protein domain for detecting or imposing membrane curvature, you would likely come up with something that closely resembles the structure of the Drosophila BAR domain now solved by Peter et al. It is, simply, a curve itself, although the crescent-shaped structure is only revealed upon dimerization of two slightly kinked monomers, which suggests that the domain functions only as a dimer. Intuition would probably tell you that the concave surface of the crescent would face the membrane. Satisfyingly, Peter et al. show that mutation of positively charged amino acid residues in the concave part of the BAR domain abolishes the ability of the isolated domain to bind to negatively charged membranes and to induce them to form tubes. The story gets even more interesting as the authors identify previously unsuspected BAR domains in a variety of proteins such as nadrins, oligophrenins, centaurins, and sorting nexins. These proteins all participate in some way in membrane-remodeling events, and they present the BAR domain in the context of other lipid-sensing or effector domains. Thus, BAR-containing proteins are able to integrate multiple signals from their protein partners and from specific lipid species (such as phosphatidylinositol 4,5-bisphosphate) with regions of membrane curvature.
At the most basic level, the BAR domain senses rather than imposes membrane curvature, and Peter et al. identify both "strong" BAR domains (which can do both) and "weak" BAR domains (which prefer their membranes already bent). In general, the strong BAR domains possess an amino-terminal amphipathic α helix that enhances their ability to deform membranes into tubes. This additional helix is reminiscent of a similar structure in the protein epsin, which, like amphiphysin, is important for endocytosis. Although epsin does not contain the crescent-shaped BAR domain, it can still deform membranes by virtue of this α helix, which is thought to induce spontaneous curvature of the lipid bilayer by partially penetrating into one leaflet of the membrane (5, 6). Weak BAR domains are able to generate membrane curvature at high concentrations, presumably as a result of their intrinsic shape. The use of a concave membrane-binding sur-
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Marcus C. S. Lee and Randy Schekman face to promote curvature may turn out to be a widespread feature found in other vesicle budding events. The Sec23-24p complex, which coats COPII vesicles, has a curved underbelly that may stimulate deformation of the membrane during budding from the endoplasmic reticulum (7) .
Given the variety of proteins with BAR domains and the versatility of the crescent structure, it is not hard to imagine that roles for BAR domains will be discovered for all stages of vesicle biogenesis, from the initial generation of curvature to vesicle fission, and possibly even after vesicle release. In the case of the amphiphysin BAR domain, it seems plausible that it may operate at multiple stages of clathrin-mediated endocytosis (see the figure) . Stimulation of membrane invagination may proceed in cooperation with other accessory factors such as epsin and endophilin, all of which possess the potent amphipathic α helix that could induce spontaneous curvature (5, 8) . Through additional domains on amphiphysin that bind to the AP2 complex and clathrin itself, clathrin recruitment may also participate in membrane bending or act to stabilize curvature. Late in the budding process, amphiphysin has been shown to recruit dynamin to the vesicle neck where it forms a ring-like collar, finalizing the fission process (9) . It is here that the amphiphysin BAR domain may really pay its dues, delaying dynamin recruitment until the sharp, positive curvature of a vesicle neck is presented. Peter et al. estimate that the natural shape of the BAR domain would best suit a curved membrane ~22 nm in diameter, closer perhaps to the narrow neck of an almost budded vesicle than to the 50-to 100-nm diameter of the clathrin-coated vesicles themselves.
There are other scenarios where the detection of sharp membrane curvature would be required, although BAR domains have yet to be directly implicated. The first is during a specialized form of vesicle fusion at nerve terminals known as "kissand-run" exocytosis, where vesicles never completely fuse with the plasma membrane but form only a transient pore through which neurotransmitter is released (10) . This process, which may require dynamin action, is in some ways the converse of the final step of vesicle fission and could also make use of BAR domain proteins to sense and regulate the fusion pore aperture. A second intriguing scenario has recently been uncovered by Bigay et al. (11) for COPI vesicles, which traffic from the Golgi to the endoplasmic reticulum and between Golgi cisternae. Bigay and co-workers observed that the activity of ArfGAP1, a catalytic partner for the small G protein Arf1, can be stimulated by more than two orders of magnitude as the membrane curvature of artificial liposomes approaches that found on a budded COPI vesicle. The ability of ArfGAP1 to respond to membrane curvature thus provides an elegant mechanism to prevent premature vesicle coat disassembly. It is not clear whether ArfGAP1 has a BAR domain (12) ; perhaps there are yet more ways to recognize curvature. But for proteins such as nadrins, centaurins, and oligophrenins, the presence of a BAR domain in conjunction with Arf and Rho effector domains suggests that there are more bends in the road in store for the beautifully simple curve of the BAR.
